Asphalt mastic, a pitch-matrix composite, consists of bitumen and mineral fillers (very fine aggregates), that fills the voids created by coarser aggregates in asphalt concrete. In this study, asphalt mastic was modified with carbon fiber (CF) and graphite powder (GP) to produce single-phase (containing only CF) and two-phase (containing both CF and GP) electrically-conductive asphalt mastic (ECAM) for anti-icing and deicing applications. Volume resistivities of ECAMs were measured at two different temperatures and the influence of temperature on electrical conductivity was evaluated, revealing that reduction in temperature enhances the ECAM's electrical conductivity. After analyzing the volume resistivity data for both single-phase and twophase ECAM specimens, heat generation efficiency of single-phase ECAM was investigated at a conductive material dosage slightly higher than the optimum. The heat generation efficiency was evaluated at a belowfreezing temperature by performing active infrared thermography (IRT). Based on the active IRT analysis results, it was found that single-phase ECAM at the selected CF content is capable of generating enough heat for melting ice and snow or preventing accumulation of snow and formation of ice.
Introduction 1
Electrically-conductive asphalt concrete (ECAC) can be a promising material for anti-icing or 2 de-icing purposes to mitigate winter maintenance problems in critical paved areas such as 3 airports, bridge decks, etc. ECAC can be produced by adding conductive aggregates or fillers to 4 asphalt concrete. Asphalt concrete consists of bitumen, aggregates and fillers, with aggregates 5 providing a skeleton that needs to be covered, while the filler combined with bitumen forms a 6 mastic that fills the interstitial voids created by aggregates [1] . A common way for producing 7 ECAC is incorporating conductive fillers into asphalt concrete [2], [3], i.e., producing an 8 electrically conductive asphalt mastic (ECAM) that fills the voids created by an aggregate 9 system. Because of the key role that ECAM can play in generating a desired amount of heat 10 through resistive heating in asphalt concrete, its resistivity and heat generation capability should 11 be studied in a more isolated way, i.e., when there are no aggregates present [4] to interfere with 12 ECAM performance. 13 García, et al., [5] who studied the heating efficiency of electrically-conductive asphalt mortar 14 (ECAM + sand) for self-healing applications, investigated the heat generation capacity of asphalt 15 mortar through induction heating. They used eddy currents produced by a magnetic field [3] for 16 increasing the temperature in asphalt mortar. Generation of eddy currents needs closed-loop 17 conductive material circuits [5] locally present in asphalt-based materials. However, in 18 conduction heating, for ice-and snow-free pavement applications [6] , there is a need for presence 19 of continuous conductive material network(s) in asphalt-based materials connecting one 20 electrode to another, so that the electric current can flow between the electrodes when they are 21 subjected to an electric potential field. 22
Material-related factors, including types, combinations, and amounts of conductive fillers can 23 influence the volume resistivity of ECAM. García, et al., [7] , were first to investigate the 24 influence of steel fibers on enhancing the electrical conductivity of asphalt mastic for self-25 healing applications. They produced an ECAM with a volume resistivity of 200 Ω.cm at an 26 optimum fiber content of 6% by volume of mastic. Although conductive powders can enhance 27 electrical conductivity, it is believed that addition of conductive powders to asphalt concrete 28 containing conducting fibers does not have an appreciable influence on enhancing the electrical 29 conductivity [2] . With advancement in production of conductive fibers and fillers, it seems 30 possible to produce highly-conductive asphalt-based materials capable of generating sufficient 1 heat for ice-and snow-free heated pavement applications. 2
In addition to material-related factors, external stimuli can influence the electrical 3 conductivity of a composite material such as ECAM [8] . Wu, et al., [9] , first to investigate the 4 influence of temperature change on electrical resistance of dense-graded ECAC, found that 5 reducing the temperature from 30°C to 24°C does not result in any change in resistance of 6 ECAC, although they observed a 12% reduction in resistance when they subjected the same 7 ECAC to a temperature reduction from 38°C to 30°C. Resistivity of polymers (such as bitumen) 8 without conducting materials is temperature-dependent [10] , and above glass transition 9 temperature (Tg∞) -which for bitumen can occur at temperatures as low as -25°C [11], the 10 volume resistivity of polymers gradually increases with a decrease in temperature [12] , i.e., 11 polymers exhibit a negative thermal coefficient (NTC) for T > Tg when they are not modified 12 with electrically-conducting materials. As a result, investigating the effect of temperature on 13 volume resistivity of ECAM at below-freezing temperatures (but still higher than Tg) is of 14 paramount importance, since ECAM would not be a good candidate for ECAC heated pavement 15 applications, if it were not able to maintain its electrical conductivity at low temperatures. 16 The objective of this study was to produce an electrically-conductive asphalt mastic (ECAM) 17 with efficient heat generation capability, so that when it fills voids created by aggregates, the 18 result is an anti-icing or de-icing electrically-conductive asphalt concrete (ECAC) for heated 19 pavement applications. To achieve the objective of this study, asphalt mastic was modified with 20 carbon fiber (CF) and graphite powder (GP) to produce both single-phase (containing only CF) 21 and two-phase (containing CF and GP) ECAM specimens. Volume resistivities were measured at 22 two different temperatures, the influence of temperature on electrical conductivity was evaluated, 23 percolative behaviors were observed, and low resistivity regions were identified. After analyzing 24 the volume resistivity data for both single-phase and two-phase ECAM specimens, it was 25 decided to investigate heat generation efficiency only for single-phase ECAM at a certain 26 conductive material dosage slightly higher than the optimum content. The heat generation 27 efficiency was evaluated at a below-freezing temperature by performing active infrared 28 thermography (IRT). Finally, based on the active IRT analysis results, it was found that single-29 phase ECAM at the selected CF content is capable of generating enough heat at the selected 30 below-freezing temperature for anti-icing and deicing purposes. Fig. 1 presents more information 1 regarding the procedure followed for accomplishing this study. 2 3 Fig. 1 . Flowchart laying out the research steps. 4 
Experimental

Materials 6
The ECAM specimens prepared for this study were composed of performance grade (PG) 7 bitumen and both non-conductive and conductive fillers. The bitumen was PG 58-28 and was 8 obtained from Jebro Inc. The non-conductive filler was hydrated lime (HL), and the conductive 9 fillers, obtained from Asbury Carbons Inc., were flake-type graphite powder (GP) and carbon 10 fiber (CF). Properties of each component type are presented in Table 1 . 11 contact of conductive additives in an insulating matrix such as asphalt mastic, and (c) the 3 hopping of electrons between the conductive materials which are not in direct contact but are still 4 in close proximities. As a result, according to Table 1 , it can be easily interpreted that CF, with 5 the lowest volume resistivity, is the best conductivity enhancement filler followed by GP. The 6 resistivity values reported for CF and GP are obtained from Asbury Carbons Inc., and the 7 resistance of CF, according to Asbury Carbons Inc., is determined by measuring the voltage drop 8 along a single fiber or a fiber bundle, and then the resistivity is calculated based on the geometry 9 of the single fiber or the fiber bundle. The resistivity measurement based on voltage drop is 10 thoroughly explained in ASTM D4496-13 standard. The resistivity of powdered carbonaceous 11 materials such as GP, according to Asbury Inc., can be measured by filling a nonconductive 12 hollow cylinder with GP in which two metallic pistons form a pressure chamber by applying a 13 pressure of 200 Mpa; these pistons are connected to an ohmmeter for measuring the resistance 14 and then calculating the resistivity. HL and PG 58-28 are insulating materials and, as a result, 15
their resistivity values are not reported in Table 1 . SG values (see Table 1 ) are necessary for 16 converting each component's volume to weight and vice versa which helped presenting the 17 mastic design information in Table 2 . Sizes of GP, CF and HL can give an understanding about 18 the spatial dominance of CF's when blocked by HL particles. The provided sizes can also be an 19 indication of the ability of CFs to bridge between the GP clusters -in an insulating matrix 20 (asphalt mastic) -enhancing the overall composite's electrical conductivity. Although copper 21 electrode has SG and size values, they are not reported, because these values were not used in 22 this study. 23
Specimen fabrication 24
To identify suitable approaches for enhancing electrical conductivity of asphalt-based 25 materials, ECAM specimens were prepared using two different methods: (a) using CF to produce 26 a single-phase electrically-conductive material system, and (b) using combined CF and GP to 27 produce a two-phase electrically-conductive material system. To alleviate mechanical problems 28 associated with presence of GP in asphalt concrete [15] , its volume was limited to 5% of mastic 29 volume. GP, because of its intrinsic lubricating characteristic and its tendency to absorb oil, ifincorporated into asphalt concrete beyond a certain limit -e.g., around 20%-, can substantially 1 reduce indirect tensile strength [16] conductivity of asphalt-based materials, it has one major drawback which is poor dispersion; CF 17 has a high tendency to agglomerate into small or large clusters [2] . Before producing the ECAM 18 specimens in this study, some trial mixes were prepared to investigate the distribution quality of 19 CFs in the asphalt mastic and it was found that 2.75% CF was the maximum volume content at 20 which the fibers could uniformly disperse in the mastic. However, for the sake of maintaining the 21 accuracy of test results, it was decided to use CF up to 2.5%. All percentages reported in this 22 paper are representative of volume fractions of asphalt mastic. 23
For enhancing the conductivity of asphalt-based materials, it is possible to either substitute 24 the conductive fillers for non-conductive fillers [2] or to just incorporate the conductive fillers 25 with no substitution [7] . The first approach, filler substitution, was implemented in this study 26 (see Table 2 ), and a bitumen-to-filler weight ratio of 1:1 was held constant for preparation of all 27 the mastic specimens. According to Superpave method of mix design, the maximum amount of 28 filler (particles smaller than 0.075mm) to be used in an asphalt concrete is 10% by weight of 29 aggregate [22] . In addition to limiting the maximum amount of filler incorporated into asphalt 30 concrete, the current design standard requires incorporation of mineral filler be limited to a ratio 31 in a range of 0.6-1.2 by mass of filler to bitumen [23] , [24] , and, simultaneously, the gradation of 1 the overall aggregate (including fillers) must fall within the specification limits [25] . For 2 producing ECAC, Wu, et al., [2] maintained a bitumen-to-filler ratio of around 1:1 and their 3 asphalt concrete specimens were composed of 6.5-7.5% bitumen, 7.4% of fillers (consisting of 4 limestone powder and conductive fillers) and 85.6% basalt aggregates. García, et al, [7] 5 investigated the induction heating of asphalt mastic, containing sand, for self-healing 6 applications and thoroughly studied the influence of sand-to-bitumen ratio; they found that the 7 sand-to-bitumen ratio of 1:1 results in obtaining the lowest volume resistivity for a mastic 8 containing steel wool and graphite. Because of all the aforementioned reasons, the bitumen-to-9 filler weight ratio of 1:1 was kept constant in all the fabricated specimens in this study. 10 Moreover, Park et al., [26] , who investigated the conductivity of asphalt mastic containing 11 graphite powder, used the same filler-to-bitumen weight ratio of 1:1 in their investigations. It is 12 worth noting that, all the weights presented in Table 2 , were calculated with the aid of SG values 13 provided in Table 1 . 14 [30] , and then the modified bitumen is mixed 22 with other components. Increasing the mixing temperature increases the oxidation of bitumen 23
[31]; as a result, to reduce the bitumen oxidation, dry mixing method was utilized in this study,and using a rotational viscometer -and following the ASTM D4402 standard [32] -the 1 minimum mixing temperature of PG 58-28 was determined as 145°C. It was attempted to mix 2 the mastic components at 145°C, but the conductive fillers -especially CFs at high dosage rates, 3 e.g., 2.5% -were not distributed evenly in the mastic. As a result, it was decided to decrease the 4 viscosity of bitumen by increasing the mixing temperature, so the mixing was also attempted at 5 150 °C, 155 °C, 160 °C and 165°C. With increase of mixing temperature, CF dispersion quality 6 improved and the best result was obtained at 165°C. It is worth noting that we did not try higher 7 temperatures due to increased chance of bitumen oxidation in the mastic. Moreover, using HL as 8 non-conductive filler in this study, worked towards our benefit, because the HL particles applied 9 shear during the mixing process enhancing the conductive material dispersion quality. The 10 absence of non-conductive fillers and aggregates is the reason for having the elevated mixing 11 temperature range of 170-180°C in wet mixing method [29] , [30] . Our claim is consistent with 12 the findings of Liu, et al., [27] , who mixed the still wool in asphalt concrete (ECAM + 13 aggregates) at 160 °C to produce electrically conductive porous asphalt concrete for self-healing 14 applications; the applied shear by aggregates during the mixing process helped enhancing the 15 conductive material distribution and hence avoiding using a high mixing temperature. Based on 16 the results obtained during the mixing process, it is expected that producing ECAC (ECAM + 17 aggregates) will require a mixing temperature less than165°C but still higher than 145°C. 18
Based on the results obtained from all the trial mixes, all the mastic components were 19 conditioned in an oven set at 165 °C (this is not indicating the temperature at which asphalt 20 concrete is produced in asphalt plant) for 1 h. This conditioning time window allowed decreasing 21 the viscosity of bitumen and bringing the temperature of bitumen, hydrated lime and conductive 22 fillers to the mixing temperature of 165°C. The components were then mixed using a Hobart 23 mixer for 5 minutes at 60 rpm, and mixtures were then conditioned (cured) once again in the 24 oven at 165 °C for 15 m. Such conditioning time allowed the specimens obtain a sufficient 25 workability, after which they were hand-compacted in wooden molds (hand-compaction method 26
does not represent the way that mastic is compacted in the field in presence of aggregates). There 27 is no standard detailing the preparation of ECAM or even asphalt mastic specimens, and so far, 28
Park, et al., [26] have used hand-compaction method for placing self-sensing ECAM in wooden 29 molds, and Liu [33] and García, et al., [7] have used the hand-compaction method for placing 30 ECAM in the silicon molds. However, to increase the accuracy of test results, ECAM was curedin the oven (which facilitated the ECAM placement in the molds) and the weights of specimens 1 were measured after the compaction and were compared with the calculated design values to 2 decrease the operator-related errors introduced during the specimen preparation.; such weight 3 control method was also practiced by Liu [33] . It is worth noting that, due to absence of 4 aggregates, ECAM might slightly deform during the demolding process at room temperature, so, 5 in this study, the resulting asphalt mastic specimens were conditioned for 2 h in a freezer set at 6 0°C so they could be easily detached from the molds ( Fig. 2(a) ) with virtually no deformation 7 during the demolding process. To ensure perfect contact between the electrodes and each asphalt mastic specimen, 12 dispersed graphite [2], graphite powder [5], or silver paint could be used to fill cavities on the 13 specimen and enhance electrical conductivity at the electrode-specimen interface. However, the 14 bitumen used in asphalt-based materials is temperature-dependent and can become tacky at 15 temperatures above 60°C [34] . Therefore, taking advantage of this adhesive behavior of bitumen, 16 the asphalt mastic specimens were slightly warmed up using a blowtorch at the electrode-17 specimen contact areas, followed by placing the electrodes in contact with the resulting tacky 18 surfaces of the asphalt mastic specimens (Fig. 2(b) ). The electrodes were forced hard against the 19 specimens, permitting the bitumen to flow and fill the small cavities, thereby ensuring that the 20 electrode-specimen contact area was pore-free; there were no pores visible to the naked eye. It is 21 worth noting that this method of attaching electrodes to ECAM specimens is operator-dependent 22 and accuracy of this method was evaluated through the relative standard errors (RSEs) have provided detailed discussions on the filed requirements of heated pavement systems made 6 of electrically-conductive portland cement concrete. 7
Volume resistivity characterization 8
Resistance is defined as the ratio of applied voltage to the resulting electric current, and an 9 object's resistance depends on its dimensions and its material composition [5] . To eliminate the 10 effect of shape and size of an object, one can instead use resistivity, an intrinsic material 11
property. The electrical resistivity of asphalt-based materials, like other materials, can be 12 obtained using Ohm's law [5] for a specimen of length L and cross-sectional area S: 13
where ρ is electrical resistivity measured in Ω cm, R is electrical resistance measured in Ω, S is 17 electrode-specimen contact area measured in cm 2 (e.g., in this study 2.54 cm × 2.54 cm), and L is 18 the distance between electrodes measured in cm (e.g., in this study 20.32 cm). 19
All resistivity values were measured using a two-probe method, a common approach for 20 measuring electrical resistivity of asphalt-based materials [ and there is no concern regarding the presence of capillary water in the asphalt mastic. Since we 23 are investigating the electrical properties of a water-free matrix (i.e., mastic), there is no concern 24 about ionic conduction and hence no need for resistivity measurement using a four-probe method 25
The electrical resistivity of asphalt mastic specimens were characterized using two probes 27 (i.e., copper electrodes) attached to each specimen (see Fig. 2(b) ). A FLIR DM62 digital 28 multimeter was used for measuring resistance values below 40 MΩ, and a DC Hipot Tester was 29 used for measuring resistance values above 40MΩ. To evaluate temperature-dependent 30 properties of asphalt, resistivity measurements were performed at both -10 °C and +10 °C. Oneof the novel features of this study was measuring the resistivity at a temperature below the 1 freezing point of water (-10 C). If an ECAM matrix cannot maintain its low resistivity at 2 temperatures below 0°C, it would be unable to generate sufficient heat and therefore unable to 3 increase the temperature of asphalt concrete sufficiently to melt ice/snow in an efficient manner. 4
All resistivity measurements were performed in an environmental chamber with two fans 5 and a dehumidifier unit, with the fans constantly recirculating the air to ensure a uniform 6 temperature distribution. At each test temperature, the dehumidifier unit maintained the relative 7 humidity (RH) at the lowest possible limit to guarantee measurement accuracy. RH values were 8 maintained at 10% and 35%, respectively, when measurements were performed at -10 °C and 9 +10 °C. If due to vapor condensation the environmental chamber was unable to adequately 10 decrease the RH, a thin layer of ice (at -10°C) or a thin layer of water (at +10°C) could form 11 around the specimens, resulting in inaccurate and erroneous determination of resistivity values, 12 especially in specimens containing small amounts of conductive materials. Volume resistivity of 13 pure water at 25°C is around 18E+06 Ω.cm [42] and it increases with decrease of temperature, 14 e.g., volume resistivity of frozen pure water is about 86E+06 Ω.cm. If the resistivity of ice/water 15 on the boundaries of specimen is lower than that of ECAM, during the resistivity measurements, 16 some portion of electrons will pass through ice/water causing a false reduction in measured 17
ECAM resistivity values. The same behavior is expected to be observed in ECAC implemented 18 in the field, but presence of different ions (at variable concentrations), PH levels and so on can 19 influence the volume resistivity of water. As a result, there is a need to consider the influence of 20 presence of non-pure water/ice on ECAC, if ECAC is to be produced at very low dosage rates of 21 conductive material contents, i.e., be produced for applications other than melting ice or snow. 22
Before performing resistivity measurements, all asphalt mastic specimens were 23 preconditioned at each specified temperature (either -10 °C or +10 °C) for at least three hours to 24 achieve thermal equilibrium [20] . The gathered resistivity vs. conductive material volume 25 content data were analyzed so that resistivity zones/stages, optimum conductive material 26 contents, and effect of temperature on volume resistivity could be determined. 27
Heating characterization 28
A FLIR T650sc IR camera with a resolution of 640 × 480 pixels was used to evaluate the 29 heat generation efficiency of only the asphalt mastic specimen at 1 % CF volume content. Afterperforming analyses on the volume resistivity data, it was found that ECAM with 1% CF 1 provides a sufficiently low volume resistivity value for anti-icing and de-icing applications, and 2 this CF content is also above the percolation transition zone. According to Wang, et al., [29] , 3 operating close to the percolation transition zone is not preferred, because for de-icing and anti-4 icing purposes, safety and energy efficiency are of paramount importance, and the percolation 5 transition zone with its intrinsic high rate of resistivity change [29] must be avoided in design 6
procedures. Also, after performing analyses on volume resistivity data obtained from single-7 phase and two-phase ECAM, it was revealed that utilizing GP does not substantially decrease the 8 volume resistivity for anti-icing and de-icing applications. A self-heating material, unlike a self-9 sensing one [43], requires a highly conductive composite. As a result, it is better to avoid using 10 GP -considering its negative influence on mechanical properties of asphalt concrete -when it 11
does not significantly enhance the electrical conductivity at high CF dosage rates, i.e., equal to or 12 greater than 1% CF. 13
Before performing the thermography, all specimen replicates were preconditioned at -18 °C, 14 the lowest range at which the IR camera could operate, for at least three hours so that they could 15 achieve thermal equilibrium [20] . Not only performing the thermography on ECAM at a below 16 freezing temperature (i.e., -18 °C) was one of the novelties of this study, but also it prevented 17 excessive deformation of mastic (due to absence of aggregates) at higher temperatures as a result 18 of resistive heating. Since ECAM can be heated up by applying an electric current, i.e., an 19 external stimulus, the heat generation efficiency of all specimens used in this study were 20 evaluated by performing active infrared thermography (IRT) [44] . An AC voltage of 60 V at a 21 frequency of 64 Hz was applied to each specimen for a duration of 10 minutes, after which the 22 top surface temperature of each specimen was measured and recorded using the IR camera that 23 produced data in the form of radiometric video. The acquired data were then analyzed using the 24
ResearchIR Max ® software package, and the heat generation efficiency was evaluated. 25 
Results and discussion
Evaluation of volume resistivity 27
Specimens' volume resistivities were measured, and the values obtained from the replicates 28 (each specimen had three replicates) were averaged for each specimen type. Fig. 3 presents thechange trends in volume resistivity of asphalt mastic specimens, measured at +10 °C, as a 1 function of CF content. Additional information regarding the volume resistivity values of single-2 phase and two-phase ECAMs, respectively, are presented in Table 3 and Table 4 . 3
As expected [27], three stages can be observed in the curves of Fig. 3: high resistivity, transit,  4 and low resistivity -all of which are proof of the percolative behavior [45] of ECAM. In context 5 of electrical conductivity, percolative behavior is defined as the sudden decrease (in orders of 6 magnitude) in volume resistivity with addition of conductive materials such as CF at small 7 dosage rates which results in an insulator-conductor transition, and the transition stages in Fig. 3  8 are proof of such behavior [45] , [46] . It is worth noting that, the ECAM specimens had to be 9 prepared over a wide enough range of conductive materials to capture such percolative behavior. 10
In the high resistivity stage, both single-phase and two-phase ECAM specimens exhibited 11 resistivity values higher than 2.43×10
5 Ω.cm and 4.55×10 5 Ω.cm, respectively. In the second 12 stage, for specimens modified by CF and CF&GP, the volume resistivities drop sharply from 13
2.43×10
5 Ω.cm and 4. amounts of CF are added to asphalt mastic, they tend to be completely electrically isolated, and 7 electrons cannot easily travel between and within the CFs, but increasing the amount of CFs 8 allows the fibers to become closer or even contact one another, i.e., the greater the amount of 9 CFs, the greater the conductivity. When the CF volume content reaches a threshold value -a 10 value within the transition zone (see Fig. 3 ) -, the first few continuous conductive paths will be 11 formed, enabling easy movement of electrons through the asphalt mastic and an associated 12 substantial drop in volume resistivity [47] . Beyond the percolation transition zone (i.e., at 13 optimum conductive material content), addition of conductive materials results in gradual 14 development and spreading of a purely conductive network in all three dimensions. A similar 15 insulator-to-conductor behavior was observed, by Liu, et al., [27] , in a study performed on 16 electrically-conductive porous asphalt concrete for self-healing applications. Based on their 17 findings, adding conductive materials to porous asphalt concrete can continue until an optimum 18 value at which the conductive materials are in extensive contact with one another in all directions 19 with many conductive networks and electron passages. As a result, above such an optimum 20 value, addition of conductive materials to asphalt mastic would not significantly decrease the 21 resistivity, nor would it be economical (see low resistivity regions in Fig. 3 ). According to 22 García, et al., [5] , volume resistivity versus conductive material expected curve shapes would be 23 S-shaped for conductive asphalt mortar (i.e., a mixture of bitumen, fillers, fine aggregate, and 1 electrically conductive materials), and this is true for the single-phase ECAM specimens of this 2 study (see Fig. 3 ). However, the curves obtained for asphalt mastic specimens made of two-3 phase conductive materials (i.e. CF&GP) are barely S-shaped because GP particles make the 4 percolation transition smoother, enabling more precise manipulation of volume resistivity over a 5 wider range of conductive materials [29] . Wang, et al., [29] , observing this behavior in dense-6 graded asphalt concrete modified with electrically-conductive materials, claimed that such a 7 concave shape is desirable, and the same principle can be applied for two-phase ECAM. In 8 addition to making the curve more concave, adding 5% of GP causes the percolation transition 9 and optimum conductive material content to be achieved, compared to single-phase ECAM, at 10 lower volume dosage rates of CF. Moreover, between 0% and 0.5% values of CF volume 11 content, addition of GP causes a huge decrease -virtually 100% -in volume resistivity (see Fig.  12 3). 13
When resistivity values are lower than 1,000 Ω.cm, a CF-based conductive network has 14 already been established and the bridging effect CFs present in the specimens, e.g., in the range from 0% to 0.5 % CF (see Fig. 3 ). Because of 18 lack of bridging effect efficiency in the low resistivity region (see Fig. 3 ), presence of 5% GP in 19 asphalt-based materials is not significantly helpful for self-heating applications, because CFs, by 20 themselves, can result in achieving sufficiently low resistivity values. 21 Table 3 and Table 4 The reason for having large RSE values in single-phase and two-phase ECAM specimens 4 containing no CF can be attributed to the water condensed or ice formed on the surface of 5 specimens. As mentioned earlier, presence of condensed water/ice on specimens with high 6 resistivity values can influence the volume resistivity measurements and when the temperature 7 decreases (i.e., from +10°C to -10°C) the amount of condensed/frozen water will increase which 8 can account for even higher RSE values at -10°C. It is worth noting that the environmental 9 chamber -equipped with dehumidifying units -used in this study decreased the relative RH 10 values but still these values were 35% and 10% at +10°C and -10°C respectively. 11 and these waves taper off quickly rather than merely ending abruptly when they hit a wall or 10 barrier. It is believed that the distance between conductive materials has a very significant 11 influence on the electrons' ability to tunnel [48] , [49] . 12
Evaluation of temperature effect on volume resistivity 22
Because of the effect of a negative thermal coefficient (NTC), while the resistivity of the 13 specimen with no conducting materials increases 2.4% with respect to a 20°C decrease in 14 temperature (Fig. 4) , the presence of conducting materials can be a game changer because 15 volumetric contraction of an insulating polymer-based matrix (such as asphalt mastic) enhances 16 the continuity of the conducting networks of conducting materials, thereby decreasing the 17 volume resistivity [50] . Note that in Fig. 4 small amounts of conductive materials such as 5% GP 18 in a two-phase ECAM at 0% CF content, and 0.25% CF content in a single-phase ECAM (with 19 no GP), respectively, cause 2.2% and 10. conducting material components are not in contact. When such components get closer due to the 7 thermal contraction of asphalt mastic, the conductivity is enhanced, with such enhancement due 8 to increased chance of electron "hopping" that is highly dependent on tunneling distance [48], 9
[49]. As a result of such decreased tunneling distance, both ECAM specimen types (single-phase 10 and two-phase) will show improved conductivity as the temperature drops by 20°C. It is worth 11 noting that asphalt-based materials present different behaviors at different temperatures [34] . 12 Based on literature, an asphalt-based material's volume thermal contraction/expansion is the 13 greatest above its glass transition temperature [52], [53] , a temperature at which a thermoset 14 polymer such as bitumen transforms from an amorphous rigid state to a more flexible state. 15
Within the percolation transition zone, the temperature-related reduction in resistivity increases 16 with addition of CF content up to 0.5% and 0.75% (i.e., optimum conductive material contents), 17 respectively, in two-phase and single-phase specimens. Such reduction can be explained by 18 presence of more conductive material contents and an increased chance of electron tunneling due 19 to thermal volume contraction. 20
At the optimum level of conductive material contents, the reduction in volume resistivity 21 values reach their maximums (see Fig. 4 ) for both ECAM specimen types, i.e., a reduction of 22 40.3% and 37.7% in resistivity values of single-phase and two-phase specimens respectively. 23
Such enhancement in conductivity can be attributed to simultaneous effects of electron tunneling 1 and contact resistance conduction mechanisms. It is worth noting that the optimum conductive 2 material content occurs at the beginning of formation of many conductive networks in which 3 fibers are touching one another in many directions, resulting in enhancement of conductivity 4 through contact resistance. As a result of such behavior at the optimum conductive material 5 content level, and due to asphalt mastic's thermal contraction, many fibers can rapidly be 6 brought into contact causing the collective common contact areas to grow; moreover, the chance 7 of electron tunneling can increase, so the reduction in resistivity values will reach a maximum 8 value at optimum conductive material contents. 9
Note that in Fig. 4 the 20°C temperature reduction causes a greater reduction in electrical 10 resistivity in two-phase ECAM specimens at CF contents of 0.25% and 0.5%. Such substantial 11 reduction in volume resistivity associated with presence of GP particles can be explained by the 12 dominance of bridging effect of CFs caused by thermal contraction when there are fewer CFs 13 present in the mastic. However, in the CF content range of 0.75%-1.75%, the presence of GP 14 particles makes the two-phase ECAM volume resistivity less susceptible to a 20°C reduction in 15 temperature compared to that of single-phase ECAM. This feature can be useful in increasing 16 accuracy in strain-related self-sensing applications in pavements exposed to recurrent thermal 17
variation. 18
In the low-resistivity region (see Fig. 3 ), at the CF content level equal to or greater than 1. Based on the observed behavior of ECAM, i.e., its improved volume resistivity when exposed 26 to a temperature reduction of 20°C, it can be concluded that asphalt mastic containing conductive 27 fillers such as CF and GP can act as posistors within the temperature range -10°C to +10°C. 28
Posistors are materials exhibiting a positive thermal coefficient (PTC) effect. When a material's 29 resistivity decreases with decreased temperatures, it is referred to as a PTC resistor.
Resistive heating for de-icing and anti-icing purposes requires a material with high electrical 1 conductivity [41], i.e., the ECAM's volume resistivity must fall within low resistivity regions 2 (see Fig. 3 ). ECAM design should not be based on optimum conductive material content, 3 especially when ECAM binds the aggregates together to produce ECAC, because according to 4
Wang, et al., [29] , operating close to the percolation transition zone is not preferred. For de-icing 5 and anti-icing purposes, safety and energy efficiency are of paramount importance, and the 6 percolation transition zone with its intrinsic high rate of resistivity change [29] must be avoided 7 in design procedures. Along with basing the design on low resistivity region, the selection of an 8 appropriate conductive material system could also be cost-saving. For example, in this study the 9 single-phase ECAM modified by 1% CF might be a good candidate for resistive heating. First, 10 its CF is still low and, second, addition of GP (i.e., switching from a single-phase conductive 11 system to a two-phase conductive system) does not substantially improve the resistivity -12 addition of GP decreases the resistivity by only 9.4%. As a result, it was decided to evaluate the 13 heat generation efficiency for single-phase ECAM containing 1% CF. 14
Evaluation of heat generation 15
It is worth reminding that, the heating test was conducted in an environmental chamber which 16 was set at the constant temperature of -18°C. The surface temperature of ECAM was measured 17 and recorded (in the form of radiometric data with the aid of FLIR T650sc IR camera) within a 18 time window of 10 minutes. further analysis. Then, the selected pixels (each pixel represents a data point or temperature) 22
were averaged and reported as a function of time for each ECAM replicate (Fig.5) . Fig. 5 shows 23 the heat generation performance of single-phase ECAM with a CF volume content of 1%, and it 24 was found that the ECAM's average surface temperature (see Fig. 6 ) was increased by about 46 25 °C within 10 minutes. 26
The temperature increase rate is variable at different regions of the developed curves (Fig. 5) . 27
During the first 30 seconds, the temperature increases at a decreasing rate for each replicate; this 28 can be attributed to the lower volume resistivity of ECAM at lower temperatures, i.e., the volume 29 resistivity increased in the temperature range -18°C to -10°C. It is worth noting that, although therate of temperature increase is decreasing between -18°C and -10°C, the fastest temperature 1 increase -considering the average rate -occurs in the first 30 seconds for all the replicates, an 2 effect that can be attributed to high temperature-susceptibility of ECAM during the first 30 3 seconds. 4 5 After 30 seconds, the temperature of each replicate begins to increase at a constant rate until it 9 reaches 4.5°C. Such a steady temperature increase can be due to moderate ECAM temperature 10 susceptibilities in the temperature range -10 to +4.5°C. After 252 seconds (i.e., 4 minutes and 12 11 seconds), the temperature increase rate increases which is because of switching the behavior of 12 asphalt-based materials from PTC to NTC at 4.5ºC, i.e., "turning point" [56] . 13
Presence of randomly-developed warm regions (see Fig. 6 ) inside the ECAM replicates can 14 account for the curves' divergences that begin after 252seconds (or 4.5°C). In these regions -15 with temperatures close to 60°C -bitumen can behave like a Newtonian fluid [57], allowing 16 bitumen to become less viscous and provide bigger and better contact areas between fibers 17 already in contact. It is worth mentioning that, none of the ECAM replicates tested at -18°C, and 18 subjected to the potential difference of 60V, deformed within the test duration of 10 minutes. 19
The reason for selecting 10 minutes as the time window for performing heating test is due to the 20 fact that ECAM containing 1% CF started to deform -which was detectable by naked eyes -21 after 12 minutes, so it was decided to discard the acquired data after 10 minutes to ensure 22 performing the tests when specimen replicates are not deformed. 23 (see Fig. 6 ) were selected for further analysis. This analysis is almost the same as of the one 7 performed for obtaining the graph presented in Fig. 5 . However, in Fig. 7 , instead of drawing 8 temporal graphs, i.e., plots presenting temperature change with respect to time (see Fig. 5 ), the 9 data analysis results are presented in the form of temperature profile graphs, i.e., plots presenting 10 temperature variation within the length of specimen. For obtaining the profile graphs, the data 11 (i.e., pixels) across the width of polygon were averaged and then presented with respect to the 12 length of the specimen (or polygon). there is a decreasing trend in temperatures in proximities of electrodes, and this phenomenon can 5 be explained through Joule Heating law which was investigated in another study [58] conducted 6 by the authors of this study. ECAM containing 1% CF has a higher resistivity, i.e. 5.85E+01 7 Ω.cm, compared with electrodes made of copper with volume resistivity of around 2E-06 Ω.cm. 8 Due to such difference between resistivity values, according to Joule Heating law, the amount of 9 heat generated in the electrodes will always be lower than the amount produced in ECAM, 10 considering that the current is instantaneously constant in the whole system. As a result, the 11 electrodes have a lower temperature compared with ECAM. Having lower temperatures in 12 electrodes, can also explain having lower temperatures in ECAM in proximity of electrodes by 13 producing a thermal gradient -with a high rate of temperature decrease -within the narrow area 14 including electrode-ECAM interface. 15
According to Fig. 6(a) Fig. 6(b), Fig. 6(c) and Fig. 6(d) -obtained, respectively, at 150, 300, 16 450 and 600 seconds -, the homogeneity increases with increase of time. The enhancement in 17 homogeneity of temperature values obtained on the surface enclosed by the polygon (see Fig. 6 ) 18 can also be observed in Fig. 7 . Note that in Fig. 7 (a) , the variation in temperature profile is the 19 largest which can be proved with the RSE value obtained for the data presented in the graph, i.e.,-10.7%, and the RSE value decreases with respect to time until it reaches its minimum absolute 1 value, 0.9%. 2 Thermal camera detects the temperature only on the surface of objects. The conductive 3 network, when formed, is distributed on the surface and within (inside) the specimen. As a result 4 of such distribution, during the beginning of heating test, e.g., first 2-3 minutes, the conductive 5 paths, in regions touching the surface, start to quickly warm up which can explain the reason for 6 existence of color heterogeneity, i.e., having warmer regions (see Fig. 6 ). As time passes, the 7 heat generated from embedded portions of conductive networks, which are deeper inside the 8 specimen, start to transfer through the non-conductive portion of asphalt mastic (i.e., HL and 9 bitumen), so thermal camera becomes able to detect the temperature increase above the 10 conductive paths, which is the reason for increasing the temperature homogeneity with respect to 11 time (see Fig. 6 and Fig. 7) . 12
It is worth noting that the presence of aggregates can potentially change the electrical and 13 thermal properties of ECAM. Aggregates can block the conductive paths or make them more 14 tortuous making the ECAC less electrically-conductive compared with ECAM. Moreover, 15
aggregates can help the thermal conductivity and then make the temperature distribution more 16 uniform within the ECAC. Also, there is no need for temperatures to reach a level beyond the 17 freezing point of water if the central purpose of an electrically-conductive asphalt-based material 18 is to melt ice and snow. For example, maintaining the surface temperature at 5°C will allow an 19 ice melting process to occur, and an ECAM containing 1% CF and starting at -18°C can reach 20 this temperature after 300 s with an applied AC voltage of 60V. However, as mentioned earlier 21 the presence of aggregates in ECAC can influence the performance of ECAM. 22
Conclusions
23
The objective of this study was to produce single-phase and two-phase electrically-conductive 24 asphalt mastics (ECAMs) with efficient heat generation capabilities for anti-icing and de-icing 25 purposes. To this end, ECAM specimens were prepared, their volume resistivities were measure, 26
and their low-resistivity regions were identified; moreover, electrical temperature-susceptibility 27 of ECAM specimens was investigated. After identifying and analyzing low-resistivity regions for 28 both single-phase and two-phase ECAMs, it was decided to investigate heat generation 29 efficiency only for single-phase ECAM at a certain of level carbon fiber (CF) content, at abelow-freezing temperature. Based on the results obtained from the heating test, it was found that 1 single-phase ECAM at the selected CF content can generate enough heat for anti-icing and 2 deicing purposes. The results of this study led to the following conclusions: 3 4
• The optimum CF contents for single-phase and two-phase ECAM were found to be 0.75% 5 and 0.5%, respectively, and the presence of 5% GP results in the optimum CF content 6 being achieved at a lower volume content of CF, i.e., the optimum CF of single-phase 7 ECAM is lower than that of two-phase ECAM. 8
• Presence of GP particles at a volume content of 5% causes a huge reduction in volume 9 resistivity when CF contest are low, e.g., 0.25 % and 0.5%. Addition of 5% GP has little 10 influence on volume resistivity reduction in the low resistivity region -0.75 to 2.5% CF 11 content -of single-phase ECAM. 12
• Addition of very small amounts of conductive materials to asphalt mastic changes the 13 mastics behavior from NTC to PTC. For example, in this study, only 5% GP or only 0.25% 14 CF in asphalt mastic, exposed to a 20°C temperature drop, causes reductions in resistivity 15 values of 2.2% and 10.1%, respectively. 16
• The PTC behavior, i.e., reduction in resistivity value due to a temperature reduction of 17 20°C, of ECAM reaches its maximum value at optimum CF contents of 0.75% and 0.5%, 18 respectively, for single-phase and two-phase specimens. 19
• All the temperature versus time curves obtained from the ECAM replicates prepared with 20 only 1% carbon fiber nearly coincided during the first 4 minutes when the temperature 21 increased from -18°C to 4.5°C. 22 
